Hybridization has recently gained considerable interest both as a unique window for ob-6 serving speciation mechanisms and as a potential engine of speciation. The latter remains 7 a controversial topic. It was recently hypothesized that the reciprocal sorting of genetic 8 incompatibilities from parental species could result in hybrid speciation, when the hybrid 9 population maintains a mixed combination of the parental incompatibilities that prevents 10 further gene exchange with both parental populations. However, the specifics of the purg-11 ing/sorting process of multiple incompatibilities have not been examined theoretically. 12 We here investigate the allele-frequency dynamics of an isolated hybrid population that 13 results from a single hybridization event. Using models of 2 or 4 loci, we investigate the fate 14 of one or two genetic incompatibilities of the Dobzhansky-Muller type (DMIs). We study 15 how various parameters affect both the sorting/purging of the DMIs and the probability 16 of observing hybrid speciation by reciprocal sorting. We find that the probability of hybrid 17 speciation is strongly dependent on the linkage architecture (i.e. the order and recombination 18 distance between loci along chromosomes), the population size of the hybrid population, and 19 the initial relative contribution of the parental populations to the hybrid population. We 20 identify a Goldilocks zone for specific linkage architectures and intermediate recombination 21 rates, in which hybrid speciation becomes highly probable. Whereas an equal contribution of 22 parental populations to the hybrid populations maximizes the hybrid speciation probability 23 in the Goldilocks zone, other linkage architectures yield unintuitive asymmetric maxima. 24 We provide an explanation for this pattern, and discuss our results both with respect to the 25 best conditions for observing hybrid speciation in nature and their implications regarding 26 patterns of introgression in hybrid zones. 27 * ablanckaert@gulbenkian.igc.pt 1 Summary: Hybridization is observed ubiquitously in nature. Its outcome can range from 28 extinction to the creation of new species. With respect to the latter, the probability of homoploid 29 hybrid speciation, i.e. the formation of a new species as a result of an hybridization event 30
Introduction 41
The role of hybridization in adaptation and speciation is an ongoing contentious question (Barton and Bengtsson, 1986; Rieseberg, 1997; Arnold et al., 1999; Buerkle et al., 2000; Barton, 43 2001; Mallet, 2007; Abbott et al., 2013; Servedio et al., 2013; Nieto Feliner et al., 2017; Schumer 44 et al., 2018) . On the one hand, hybridization may serve as a source of genetic variation. Various 45 examples of adaptive introgression have been reported (reviewed in Hedrick, 2013) , and it has 46 been argued that hybridization may provide the fuel for adaptive radiations Seehausen (2013).
On the other hand, gene flow between diverging populations may slow down or even reverse spe-48 ciation either by purging isolating barriers or by one population swamping the other (Seehausen k ∈ {1, 2}). Dominance affects only the epistatic interactions. In this manuscript, we focus 126 mainly on two cases of dominance, which were proven representative of the general patterns 127 (Bank et al., 2012) : a recessive scenario and a codominant scenario, illustrated in Figure 2 . 128 We introduce φ n k as a mathematical placeholder used to distinguish between the recessive and
where X i k is the number of alleles A k in haplotype i and Y i k the number of alleles B k in Figure 1 . There are 6 different ways to arrange the 4 loci along a single chromosome (assuming 158 the chromosome does not have an orientation). The two DMIs can be "Adjacent", "Crossed", or 159 "Nested" (Fig. 1) . Genetic distance between adjacent loci X and Y is given by 0 ≤ r XY ≤ 0.5.
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The distance between non-adjacent loci X and Y, separated by a single locus W, is given by
If the four loci are spread across multiple chromosomes, 162 this represents a special case of the single chromosome scenario presented above, in which one 163 or more recombination rates are set to 0.5. If not otherwise specified, we assume that all loci 164 are located on different chromosomes, i.e. r XY = 0.5.
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Ancestral haplotype a 1 b 1 a 2 b 2 Parental pop. 1 haplotype A 1 b 1 A 2 b 2 Parental pop. 2 haplotype a 1 B 1 a 2 B 2 Hybrid haplotypes A 1 b 1 a 2 B 2 or a 1 B 1 A 2 b 2 "Epistasis-free" F2 haplotype A 1 b 1 a 2 b 2 or a 1 B 1 a 2 b 2 or a 1 b 1 A 2 b 2 or a 1 b 1 a 2 B 2 1 st incompatibility haplotypes A 1 B 1 a 2 b 2 or A 1 B 1 A 2 b 2 or A 1 B 1 a 2 B 2 2 nd incompatibility haplotypes a 1 b 1 A 2 B 2 or a 1 B 1 A 2 B 2 or A 1 b 1 A 2 B 2 Both incompatibilities haplotype A 1 B 1 A 2 B 2 Table 1 : Classification of possible haplotypes for the "Adjacent" linkage architecture.
Resolution of a single DMI 166
In the first part, we focus on the resolution of a single DMI following the formation of the0.46 0.50 0.54
Prob. fix. of haplotype AbInitial proportion, i p Time to resolutionInitial proportion, i pInitial proportion, i pInitial proportion, i p(d) Time to resolution of a recessive DMIr=0.5 r=0.05 r=0.005 r=0.0005 Isolation of the hybrid population by reciprocal sorting of two DMIs Given the ob-230 served shape of the fixation probability of a derived allele in a single DMI case as a function 231 of the initial contribution of both parental populations (Fig. 3) , hybrid speciation should be 232 observable only around a symmetric contact, and this condition should be more stringent for 233 codominant incompatibilities than recessive ones (cf. Fig. 4 ). In Figure 4 , we test this ex-234 pectation by comparing the probability of hybrid speciation for two DMIs that are located on 235 separate chromosomes (i.e., the "Adjacent" architecture from Fig. 1 ; colored dots in Fig. 4) , 236 with the expected probability of resolving two independent single DMIs for opposite derived 237 alleles (e.g. first DMI resolved towards allele A and the second one for allele B; black dots).
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In the recessive case, the prediction for independent DMIs matches the hybrid speciation prob- Initial proportion, i p Hyb. spec. prob.Initial proportion, i p Hyb. spec. prob.Initial proportion, i p Hyb. spec. prob.Initial proportion, i p Hyb. spec. prob.0.001 0.010 0.0.001 0.010 0.0.001 0.010 0. Recombination Hybrid speciation prob.0.001 0.010 0. Recombination Hybrid speciation prob.0.001 0.010 0. Recombination Hybrid speciation prob.Figure 5 : Hybrid speciation probability is a nonlinear function of recombination. We consider that all four loci have the same selective advantage (α k = β j = .001) and are equidistant along a single chromosome. The hybrid speciation probability is plotted for different population sizes: yellow corresponds to N = 50, orange to N = 500, red to N = 5000 and purple to N = 50000. Epistasis ( = −0.2) is here codominant but we obtain qualitatively similar results for recessive incompatibilities, see Figure S9 . The contribution of both parental populations here is symmetric (i p = 0.5). For all other architectures either A 1 and A 2 or A 2 and B 2 have the highest marginal fitness.
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The higher fitness stems from the production of the a 1 B 1 a 2 b 2 and a 1 b 1 A 2 b 2 haplotypes (for the 280 "Adjacent ABAB" architecture) that are relatively free of epistasis in the F2 generation. The 281 outcomes of a single recombination event per genome for all 6 architectures are given in Table 2 282 and illustrates how the "Adjacent ABAB" and "Crossed AABB" architectures stand out in the 283 production of the haplotypes that are needed of hybrid speciation. Importantly, recombination 284 is necessary to generate these haplotypes, but too much recombination will cancel their advan- on two different chromosomes (as in Fig. 4) , this effect does not appear. Indeed, while recom-289 bination still breaks linkage disequilibrium, it no longer generates the relatively "epistasis-free" 290 haplotype and therefore leads to a monotonous increase in the hybrid speciation probability with 291 increasing recombination rate. This behavior, specific to the "Adjacent ABAB" and "Crossed 292 AABB" linkage architectures is observed both for codominant and recessive DMIs.
293
As illustrated in Figure S9 , the recessive case is qualitatively similar to the codominant 294 one. We recover the distinctive pattern between linkage architectures, where the "Adjacent ABAB" and "Crossed AABB" architectures are more likely to generate hybrid speciation for 296 intermediate recombination rates. However, for the "Adjacent ABBA" and "Crossed ABBA" 297 Genetic F1 hybrid Single recombination event between: architecture loci 1 and 2 loci 2 and 3 loci 3 and 4 Table 2 : Haplotypes produced in the F2 breakdown, assuming a single recombination event, explain how different linkage architectures leads to different outcomes for the same loci. By identifying the relatively "epistasis-free" haplotype formed, one can infer whether hybrid speciation may be a likely outcome. In blue, we highlight these "epistasis-free" haplotypes that are important for hybrid speciation and in yellow those that are important for fixation of the parental haplotype from population 1.
linkage architectures, the recessive case differs from the codominant by the existence of two 298 local maxima for the hybrid speciation probability as a function of recombination. These two 299 architectures are characterized by an indirect selective advantage of one of the two parental 300 haplotypes over the other, as the partially derived haplotypes A 1 b 1 b 2 a 2 and a 1 b 1 b 2 A 2 are more 301 likely to form than their counterparts (a 1 B 1 b 2 a 2 or a 1 b 1 B 2 a 2 , see recessive DMIs, Figure S13 . Similarly, the time to hybrid speciation is similar between the 314 deleterious and lethal recessive cases, Supplementary Section S 3.3.
315 Figure 5 also illustrates the impact of the population size on the outcome. In general a 316 larger population size results in a higher probability of hybrid speciation. This is especially true 317 when the deterministic outcome corresponds to hybrid speciation (i.e. the "Adjacent ABAB" 318 and "Crossed AABB" architectures). Derived alleles are less likely to be lost during the recip-319 rocal sorting of the genetic incompatibilities. The main exception to this rule exists when the 320 deterministic outcome is the fixation of one parental haplotype. In that case, an intermediate 321 population size will maximize the likelihood of hybrid speciation, as illustrated in Figure 5 for 322 the "Adjacent ABBA" and "Crossed ABBA" architectures (and Fig. S9 ). This intermediate 323 value corresponds to a balance between a strong drift regime in which the ancestral and "epis-324 tasis free" haplotypes are most likely to fix, and the deterministic regime in which the A 1 b 1 b 2 A 2 325 parental haplotype fixes.
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Symmetric contact is not always the best condition for hybrid speciation Figure 5 327 was obtained for i p = 0.5, i.e. when both parental populations contribute equally to the hybrid 328 population. It corresponds to the case that is the most frequently investigated in models. Fig-329 ure 6 illustrates what happens when we release this assumption. From the single-DMI dynamics, 330 one would expect a decrease in the hybrid speciation probability as illustrated in Figure 5 . This 331 is not always true. Depending on the linkage architecture, the probability of hybrid speciation 332 may be higher for asymmetric contributions from the parental populations. This phenomenon 333 is also observed for intermediate recombination rates; thus, only a consideration of dominance 334 scheme, recombination rate, and symmetry together allows for an accurate statement on the 335 hybrid speciation probability (see Fig. 6 ). "Crossed ABBA"), in this scenario and with perfect symmetry, both alleles A 1 and A 2 have 339 a marginal fitness that is slightly higher than alleles B 1 and B 2 (Fig. S4) , which leads to the 340 fixation of the parental haplotype A 1 b 1 b 2 A 2 in the deterministic case. Therefore, a lower initial 341 frequency of these alleles at the initial contact balances this selective advantage, which results 342 in higher hybrid speciation probabilities than under symmetry. This behavior is only observed 343 for the two architectures discussed above ("Adjacent ABBA" and "Crossed ABBA"). For all 344 other architectures, the two derived alleles that have a slight indirect selective are A 2 and B 1 for 345 "Adjacent ABAB" and "Crossed AABB" (which correspond to the cases of high probabilities 346 of hybrid speciation) or A 2 and B 2 for the two "Nested" architectures. In both cases, since the 347 symmetry between the A and B alleles is respected, hybrid speciation is most likely at i p = 0.5. Figure 6 : Probability of hybrid speciation for both recessive and codominant DMIs as a function of the genetic distance and the initial contribution of both parental species. Different linkage architectures generate an unexpected pattern: for the "Adjacent ABAB" architecture, we observe a Goldilocks zone for hybrid speciation; for the "Adjacent ABBA", the probability of hybrid speciation is no longer symmetric along the i p = 0.5 axis (white dashed line). while more codominant DMIs should reduce it. Firstly, we showed that for codominant DMIs, the 377 fixation of derived alleles of the same parental population is correlated (Fig. S2) , which hinders 378 their reciprocal sorting even if they are located on different chromosomes. Hence, recombination 379 is not sufficient to decrease the initially existing linkage disequilibrium. Adding additional 380 codominant incompatibility loci will result in stronger selection against F1 individuals which 381 strengthens the correlation of parental alleles, and reduces the probability of reciprocal sorting.
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Secondly, we have shown that for lethal codominant DMIs (Fig. S13) , hybrid speciation is 383 impossible. Extrapolating from these two observations, we propose that this effect will outpace 384 the increase in hybrid speciation probability due to having more chances to have at least one 385 pair of reciprocal sorting.
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On the other hand, in the recessive model, F1 hybrids do not suffer a fitness cost, and the 387 fixation of derived alleles from the same parental origin is uncorrelated. In addition, stronger 388 epistasis does not affect the probability of hybrid speciation in the recessive model ( Fig. S9 and 389 S13). Thus, having more than two recessive DMIs should increase the chances that at least two 390 are reciprocally sorted, which is sufficient for hybrid speciation according to our definition.
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Our results can be discussed in the context of parapatric speciation and the role of genomic 392 islands of divergence (Via, 2012; Feder et al., 2012) . According to the respective theory (Wu, 393 2001), during the speciation process and in presence of gene flow, islands of divergence are 394 formed around the first genes involved in reproductive isolation. These genes will reduce gene 395 flow locally around them, which favors the accumulation of weakly locally adapted mutations 396 in their vicinity, as well as incompatible genes, reinforcing and extending islands of divergence.
397
For hybrid speciation according to our model, the existence of such islands implies that many 398 derived alleles A k may be found together on the same island, as locally adaptive loci tend to be rearranged in clusters (Yeaman, 2013) . In such cases the linkage disequilibrium between the different A k alleles will be harder to break, which makes reciprocal sorting less probable.
401
From the perspective of this model, hybrid speciation should therefore be most likely early 402 during speciation, when no strong islands of divergence have formed yet. We further note that 403 our model considers a single hybridization event without any further gene exchange with both
